We demonstrate an innovative method for a real-time interrogation of fiber Bragg gratings based on low-coherence spectral interferometry of noiselike pulses. By analyzing the spectral interference at the output of a Michelson interferometer we obtained the impulse response of the grating with a time resolution of ϳ350 fs. Using the Gabor transformation, we could directly detect nonuniform regions inside the grating and could measure the spatial dependence of the resonance wavelength along the grating.
Fiber Bragg gratings are important for various applications in optical communication systems and in optical metrology. 1 Novel methods for measuring the performance of complex gratings were recently demonstrated (see, for example, Ref.
2). Low-coherence-time ref lectometry has been used to measure the impulse response of gratings. 3, 4 However, because of the presence of photons that are multiply scattered and because of changes in the coherence properties of a wave that propagates inside the grating, the impulse response does not directly give the spatial distribution of the grating parameters. Low-coherence ref lectometry performed in the frequency domain does not require a slow mechanical scan, as is needed in the time domain. This technique has been used with ultrafast pulses to measure the group-velocity dispersion of optical elements 5, 6 as well as to measure the thickness of cover glasses by use of a multimode continuous wave laser. 7 We used low-coherence spectral ref lectometry of noiselike pulses to study the structure of f iber Bragg gratings. By analyzing the interference spectra, using Fourier and Gabor transformations, we found the impulse response of the grating and the grating's response to short pulses with different central frequencies. We used the Gabor transformation to find directly the spatial dependence of the resonance frequency of the grating and to detect nonuniform regions inside the grating. Our measurement technique requires in principle only a single pulse to permit us to measure the whole structure of the grating, and the technique can be important in the manufacture of complex chirped f iber gratings as well as for interrogating distributed f iber Bragg sensors.
In our measurements we used a laser that generates noiselike pulses. 8 -11 Such a laser generates pulses with broader spectra and higher energies than those obtained in the conventional pulsed mode in the same laser cavity. 8, 9 Noiselike pulses had been used previously to interrogate an array of f iber gratings with different resonance wavelengths. 10 The spatial resolution of the measurement was determined by the pulse duration (nanoseconds). Using the technique described in this Letter, we could increase the spatial resolution of the measurement to the order of the effective coherence length of our system ͑ഠ40 mm͒. Figure 1 is a schematic diagram of the experimental setup. Our low-coherence source was a passively mode-locked erbium-doped f iber laser that generates noiselike pulses with an average power of 20 mW, a spectrum width of as much as 70 nm, a pulse duration of 2 ns, and a repetition rate of ϳ10 MHz. The laser output was split by a coupler. Part of the laser beam that was ref lected from the grating interfered with another part of the beam that was ref lected by a mirror. The optical paths of the two ref lected beams were chosen to be similar but not equal, as explained below. A polarization controller was used to produce equal polarization states of the two interfering pulses. Figure 2 shows a typical interference spectrum measured for a nearly uniform grating with the ref lection spectra shown in Fig. 3(a) . Because the wave that is ref lected from the grating interferes with a strong reference wave that is ref lected by a mirror, the intensity of the interference component becomes significantly stronger than the intensity of the wave that was ref lected by the grating. Therefore we were able to measure the interference spectrum far outside the Bragg zone of the grating, as shown in Fig. 2 . The speed of our measurement was limited by the sweep time of the spectrum analyzer, 0.5 s, that we used to measure the interference spectrum. In principle, we need only a single pulse to map the whole grating. Therefore the Fig. 3(a) . speed of the measurement can be significantly reduced by use of a spectrum analyzer based on a grating and an array of detectors.
Because fiber gratings are linear devices, they can be analyzed by use of the impulse response of the grating for the ref lected wave, h͑t͒. 12 Assuming that e͑t͒ is the amplitude of the pulses generated by the laser and that R is the coupling ratio of the fiber coupler, the field at the spectrum analyzer input equals e r ͑t͒ R 1͞2 ͑1 2 R͒ 1͞2 ͓e͑t 2 t 0 ͒ 1 e͑t͒ ‫ء‬ h͑t͔͒, where t 0 is the average delay between the arrival times of the pulse ref lected by the grating and the pulse ref lected by the mirror and ‫ء‬ is a convolution operator. The output of the spectrum analyzer is proportional to the time average of the spectrum intensity, ͗I ͑v͒͘ T ͗jE͑v͒j
where H ͑v͒ and E͑v͒ are the Fourier transforms of h͑t͒ and e͑t͒, respectively, H s ͑v͒ is the response function of the spectrum analyzer caused by the analyzer's f inite resolution, T R͑1 2 R͒, and ͗ ͘ denotes an average over a time period greater than the pulse duration. The inverse Fourier transform of the interference spectrum gives p͑t͒ T ͓C e ͑t͒ 1 C e ͑t͒ ‫ء‬ h͑t͒ ‫ء‬ h ‫ء‬ ͑2t͒ 1 C e ͑t͒ ‫ء‬ h͑t 2 t 0 ͒ 1 C e ͑t͒ ‫ء‬ h ‫ء‬ ͑2t 2 t 0 ͔͒h s ͑t͒ , (1) where h s ͑t͒ and p͑t͒ are the inverse transforms of H s ͑v͒ and ͗I ͑v͒͘, respectively, and C e ͑t͒ (1) contain information on the impulse response of the grating. When autocorrelation function C e ͑t͒ is significantly narrower than the impulse response of the grating, the third and the fourth terms in Eq. (1) are approximately equal to the impulse response function h͑t͒ centered about t 6t 0 . The first two terms in Eq. (1) are centered about t 0 and can be f iltered out when delay t 0 is greater than the duration of the autocorrelation function of the impulse response, h͑t͒ ‫ء‬ h ‫ء‬ ͑2t͒.
The time resolution of the impulse response is determined by the width of the autocorrelation trace, C e ͑t͒. In our experiment the effective bandwidth of the measurement was limited to ϳDl 20 nm owing to the sensitivity of the spectrum analyzer. Assuming a spectrum with a Gaussian line shape, the time resolution of our system equals dt 4 ln͑2͒l 0 2 ͞pcDl 350 fs, where l 0 is the central wavelength and c is the velocity of light. This time resolution, dt, corresponds to a spatial resolution of 37 mm. The maximum grating length that could be measured equals L max 2 ln͑2͒l 0 2 ͞pndl, where dl is the resolution of our spectrum analyzer and n is the refractive index. According to the specifications of our spectrum analyzer the resolution is dl 0.015 nm and therefore the maximum grating length is 4.8 cm. In practice, we could measure lengths up to ϳ7 cm. Figure 3 shows the experimental impulse responses and the ref lection spectra, obtained when the reference beam was blocked, for a nearly uniform f iber grating written with an UV laser and a phase mask [ Fig. 3(a) ] and for a chirped grating [ Fig. 3(b) ]. We note that the f luctuations in the impulse response of the chirped grating are caused by the grating structure and not by noise. The shape of the impulse response did not change from one measurement to another.
The impulse response of a grating gives the grating structure directly only when the ref lection from the grating is weak. 13 In a strongly ref lecting grating the impulse response does not directly give the grating structure because photons are multiply scattered and because the coherence properties of the pulse are destroyed as the pulse propagates inside the grating owing to the ref lection of part of the frequency components by the grating. Therefore the impulse response cannot be directly used to extract the prof ile of the grating, and it can be used only to extract some parameters of the grating such as its magnitude and length, assuming that the grating prof ile is known. 3 We used the Gabor transformation 14 to extract directly some important information on the grating structure without the need to use complex and time-consuming calculations based on inverse scattering theory. 13 We have also developed a simple iterative method for extracting the refractive-index prof iles of gratings with moderate ref lections. 14 The Gabor transformation of interference spectrum I ͑v͒ is G͑t, V͒ R2`I ͑v͒W ͑v 2 V͒exp͑2ivt͒dv, where W ͑v 2 V͒ is a window function centered at frequency V. When the window function is narrower Fig. 4 . Gabor transformation of the interference spectra measured for the chirped grating shown in Fig. 3(b) , and dependence of the resonance wavelength of the grating on the location calculated from the Gabor transform. A Gaussian window with a width of 0.1 nm was used in the calculations. Fig. 5 . Gabor transformation of the interference spectra measured for the nearly uniform grating shown in Fig. 3(a) , and the cross section at l 1545. A Gaussian window with a width of 3 nm was used in the calculations.
than the bandwidth of spectrum I ͑v͒, Gabor transform G͑t, V͒ gives the time response of the grating for pulses with a spectrum W ͑v 2 V͒ centered at a frequency V. Figure 4 shows the results of the Gabor transformation for a chirped grating used for dispersion compensation. The window function had a Gaussian line shape with a bandwidth of 0.1 nm. Figure 4(a) shows the dependence of the average wavelength of ref lected wave l R2`l G͑z tc͞2n, l͒dl͞ R2`G ͑z tc͞2n, l͒dl on the location inside the grating, z, assuming that the arrival time, t, and the location are linearly connected: z tc͞2n. The result of Fig. 4 shows that the resonance wavelength of the grating depends linearly on location z, as expected for a linearly chirped grating. The slope of the change in the resonance wavelength is ϳ1190 ps͞nm, in accordance with the specif ied group-velocity dispersion for that grating, 1120 ps͞nm. The small difference between the results is caused at least in part because the ref lection from each region inside the grating has a finite bandwidth and therefore each region can ref lect frequency components that are slightly different from its resonance frequency. In conclusion, we have developed a simple method for obtaining the impulse response of fiber Bragg gratings, based on low-coherence spectral interferometry of noiselike pulses. Our method requires a single pulse for interrogation of the whole grating. Using Gabor transformation, we directly obtained important information on the structure of the grating.
